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Iterative affinity selection procedures were used to isolate a number of single chain Fv (scFv)
antibody fragment clones from naïve Tomlinson I+J phage display libraries that specifically
recognize and bind a chemokine, monokine induced by interferon-gamma (MIG/CXCL9). MIG
is an important transplant rejection/biology chemokine protein. ELISA-based affinity
characterization results indicate that selectants preferentially bind to MIG in the presence of
key biopanning component materials and closely related chemokine proteins. These novel
antibody fragments may find utility as molecular affinity interface receptors in various
electrochemical biosensor platforms to provide specific MIG binding capability with potential
applications in transplant rejection monitoring, and other biomedical applications where
detection of MIG level is important.
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1. Introduction

Monokine induced by interferon-gamma (MIG/CXCL9) is a
key protein in transplant rejection and the target analyte in
transplant applications. Organ and tissue transplantation is an
increasingly important treatment modality in multiple disease
states (for example, heart/cardiac, kidney, liver and bone
disease conditions), and will continue to become more
prevalent as the American population ages. However, rejection
of transplanted organs and tissues remains an obstacle to the
efficacious long-term treatment of many of the disease
conditions. A wide variety of complex immunological events
play out during rejection of transplanted tissues. MIG has been
clearly implicated as critical in transplant or allograft rejection
(Watarai et al., 2000).Anessential aspect of transplant rejection
is recruitment of specific immune cells to the graft site. A
superfamily of about 50 small, chemo-attractive diffusible
protein factors [chemokines, (Cascieri and Springer, 2000;
Luster, 1998; Mantovani, 1999)] are involved in cellular
r B.V.
trafficking to grafts. Key among chemokines responsible for
rejection of kidney, skin and cardiac tissue is the chemokine
MIG.MIGwhichbinds the CXCR3 receptor on the surface of Th1
lymphocytes, is produced by IFN stimulated monocytes,
macrophages and endothelial cells. Human MIG like other
chemokines or chemo-attractant cytokines are basic glycosa-
mino-glycan binding proteins that play an important role in the
recruitment and activation of leukocytes (Luster, 1998). The
human CXCL9 cDNA encodes a 125 amino acid residue
precursor protein with a 22 amino acid residue signal peptide
that is cleaved to yield a 103 aminoacid residuemature protein,
with a molecular weight of ∼11.7 kDa. MIG is a potent chemo-
attractant for the Th1 population (Cascieri and Springer, 2000;
Bonecchi et al., 1998; Sallusto et al., 1998). MIG levels are
positively correlated with rejection in murine skin allografts
(Cascieri and Springer, 2000), and a number of other murine
and human allografts (Miura et al., 2001; Miura et al., 2003;
Fahmy et al., 2003; Zhao et al., 2002; Reiners et al., 2002). The
range of MIG/CXCL9 concentration in normal and pathophys-
iological disease states (including allograft rejection episodes)
in humans is ≈0.2–3 ng/mL and 10–400 ng/mL, respectively
(Lauw et al., 2000; Yun et al., 2002).
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We are involved in a systematic research program that
utilize multiple phage display libraries (Scott and Smith,
1990; Burton, 1995; Hoess, 2001; Azzazy and Highsmith,
2002; Berry et al., 2003; Eteshola et al., 2005), and other
modern antibody engineering/modification approaches to
prepare a repertoire of novel interface biorecognition
antibody fragment molecules for the rational design and
fabrication of biochemically modified field effect transistor
(BioFET) sensing channel or gate interfaces at the molecular
level (Eteshola et al., 2008; Bergveld, 2003; Schöning and
Poghossian, 2002). The prepared antibody fragment mole-
cules will primarily provide specific MIG binding capability to
the BioFET device (currently under research development in
our group). The development of the BioFET sensor platform is
aimed for minimally invasive detection of MIG as an early
warning system in transplant rejection. We report here
preliminary results of the isolation and sandwich ELISA
characterization of scFv clones for MIG from a synthetic
(Tomlinson I+J) naïve phage display libraries.

2. Materials and methods

The Tomlinson I+J human single fold synthetic naïve
phage display single chain antibody fragment libraries (in
phagemid/scFv format — fused to the pIII minor coat protein
of M13 bacteriophage), helper phage KM13, E. coli strains TG1
and HB2151 for selection of specific antibody clones and for
production of soluble single chain Fvs, respectively, were
obtained from The Medical Research Council (MRC), Cam-
bridge, England (de Wildt et al., 2000; Torrance et al., 2006;
Nissim et al., 1994; Hoogenboom et al., 1991). This scFv
phagemid library contains synthetic V-gene (VH–VL) from
lox library vector (Griffiths et al., 1994) recloned into the
pHEN2 phagemid vector. The library size is 1.47×108

phagemid clones in E. coli TG1 cells, and has a high proportion
of functional antibody fragments with approximately 96% of
clones containing inserts. Biotinylated MIG was custom
synthesized for us by Chemical Synthesis Services, Scotland,
UK. Subsequently, biotinylated MIG was prepared in-house
using Pierce EZ-Link biotinylation kit (Rockford, IL). NeutrA-
vidin coated magnetic particles were purchased from Spher-
otech, Inc., Libertyville, IL (USA).

2.1. Selection of anti-MIG scFvs clones

The supplied stock libraries I & J and stock helper phage
KM13 were first expanded in order to obtain sufficient
quantities for use in several rounds of biopanning. Each
library stock was amplified and phage particles were rescued
by superinfection with helper phage (Marks et al., 1991).
Libraries I and J were biopanned separately to ensure select-
ing the most MIG antigen binding clones.

The biopanning procedure is essentially as described
previously (Harrison et al., 1996; Chames et al., 2002), with
some modifications. Briefly, ∼1012 phage units of the library
were mixed together with equal volume of 4% dried milk
(containing 0.2% Tween 20) in PBS in polypropylene micro-
centrifuge tube. Biotinylated MIG (prepared in PBS) was
added to a final specified concentration, and incubated with
end-to-end rotation for 1 h at room temperature. Aliquots of
150 μL of washed and blocked neutravidin-magnetic particles
were added to the phage bound biotinylated MIG and
incubated with end-over-end rotation for 15 min at room
temperature. Tubes were placed in magnetic separators for
∼3 min and supernatants carefully aspirated from tubes;
particles in each tube were washed seven times with wash
buffers. Finally, bound phages were eluted from the beads by
resuspending in 20 mM dithiothreitol (DTT)-PBS and incu-
bating tubes for 5 min with end-over-end mixing at room
temperature. Particles were drawn to one side of each tube
with magnetic separators and the supernatants were trans-
ferred to new microcentrifuge tubes. An aliquot of the eluted
or output phages was used to infect fresh exponentially
growing culture of E. coli TG1 cells, and incubated at 37 °C in a
water bath (without shaking) for 30 min to allow optimal
infection. Phage particles were rescued by superinfection
with helper phage, amplified, and used for further rounds of
panning as instructed in the Tomlinson (I+J) protocol. Four
rounds of biopanning experiments were carried out for
selection of scFv-phage clones with specific binding to MIG.

2.2. Phagemid DNA sequencing, translation and alignment

Phagemid DNA sequencing of 44 randomly picked clones
was performed using the QIAprep Spin M13 Kit (QIAGEN Inc.,
Valencia, CA). The phagemids were sequenced by the Plant-
Microbe Genomics Facility, The Ohio State University, Colum-
bus using the pHEN seq (5′CTA TGCGGCCCCATT CA3′) or Link
seq (5′ CGA CCC GCC ACC GCC GCT G 3′) sequence primers.
Readily availableweb based toolswere used for translation and
alignment of DNA sequences.

2.3. Regular and competition monoclonal ELISA for fusion
scFv-phage

Appropriately diluted glycerol stock of precipitated and
purified phage-scFv from the fourth round of selection was
used to infect log phase E. coli TG1 and plated on TYE/glucose/
ampicilin plates. Individual colonies were picked and inocu-
lated into 2xTY/glucose/ampicilin and grown shaking at
250 rpm until OD600∼0.4. The culture was infected with
KM13 helper phage, incubated for 30 minutes at 37 °C
(without shaking), spun down at 4000 rpm for 10 min,
resuspended in 2xTY/ampicilin/kanamycin/0.1% glucose,
and grown shaking overnight at 250 rpm and at 30 °C. Next
day, culture aliquots were prepared in final glycerol concen-
tration of 20% (v/v), mixed thoroughly and stored at −70 °C.
The remainder of the culture was processed and purified
according to standard protocol to obtain phage-scFv for
subsequent use in monoclonal fusion phage-scFv ELISA. The
ELISAs were performed essentially as described on the MRC
website [www.geneservice.co.uk/products/proteomic/data-
sheets/tomlinsonIJ.pdf]. Briefly, phage displayed scFvs for
each clone were added to Pierce (Rockford, IL, USA) high
binding NeutrAvidin coated microtiter plates that have been
previously reacted with biotinylated MIG. Bound phage-scFv
was detected using an anti-M13 antibody/HRP conjugate (GE
Healthcare, Little Chalfont, UK) and 1-Step™ Ultra TMB-ELISA
(Pierce).

For competition ELISA, non-biotinylated recombinant MIG
in PBS was pre-incubated for 30 min with selected monoclo-
nal purified phage-scFv clones supernatant suspension. This
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reactionmixture was added to Pierce neutravidin pre-coated/
blocked microtiter plate wells that has been treated with
biotin-MIG. Detection of bound phage-scFv was the same as
indicated for monoclonal fusion phage ELISA above. The
purpose of these competition experiments was to determine
whether the presence of biotin is required by the isolated
phage-scFv clones for specific recognition and binding to
native MIG protein epitopes.

2.4. Small-scale expression and purification of soluble scFv
fragments

For the production of soluble scFv antibody fragments
from selected positive MIG binding clones, 1.0 mL inocula
from glycerol stock of each phage-scFv clone already infected
into E. coli HB2151 nonsuppressor strain (stored at −70 °C)
was transferred into culture flasks containing 1000 mL 2xTY/
ampicilin/0.1% glucose. The culture was grown with shaking
(250 rpm) at 37 °C until the OD600 was approximately 0.9. At
this stage, the transcription of scFv cassette driven with a lacZ
promoter was then induced with isopropyl β-D-thiogalacto-
pyranoside (IPTG), which was added to the culture at 1/
8 volume in 2xTY containing 100 µg/mL ampicilin and 9 mM
IPTG to a final concentration of 1 mM IPTG. Shaking was
continued at 200 rpm, at 30 °C overnight to harvest antibody
fragments secreted into culture supernatant and the E. coli
periplasm by osmotic shock.

The induced bacterial culture was centrifuged at 30,000×g
at 4 °C for 30 min and the supernatant containing secreted
antibody fragments was collected, and clarified by filtration
through disposable 0.45 μm filters. The resulting supernatant
was concentrated by ammonium sulfate precipitation fol-
lowed by dialysis (10 kDa cut dialysis system) into binding/
loading buffer at 4 °C overnight. The scFv antibody fragments
were purified using Protein L immobilized on agarose resin
(according to manufacturer's [Pierce] instructions).

To extract scFv secreted into the Escherichia coli cell
periplasm, the bacterial pellet from the above centrifugation
step was resuspended in 1/50 the original culture volume of
ice-cold 50 mM Tris–HCl, pH 8.0, containing 20% sucrose,
1 mM EDTA (with sufficient volume of Halt Protease Inhibitor
single-use cocktail EDTA-free (10 μL vial content/1 mL cul-
ture) to produce a 1× final concentration. The suspensionwas
agitated gently for 20 min in an ice bath or cold room,
centrifuged for 30 min at 30,000×g at 4 °C and the superna-
tant collected (periplasmic fraction of scFv protein) into a
new polypropylene tube maintained at 4 °C. To obtain the
osmotic shock fraction, the resulting pellet from the previous
scFv periplasm extraction step was again resuspended in the
same volume [1/50] of ice-cold 5 mM MgSO4, 1 mM EDTA,
and sufficient volume of Halt Protease Inhibitor. The
suspension was agitated gently for 15 min in an ice bath or
cold room, centrifuged for 30 min at 30,000×g at 4 °C, and the
supernatant containing the osmotic shock fraction of scFv
proteins was collected. Supernatants from both the periplas-
mic and osmotic shock fractions containing scFv proteins
were pooled, filtered through disposable 0.22 or 0.45 μm
filters and dialyzed (10 kDa cut dialysis system) into binding/
loading buffer. Soluble scFvs enriched in the periplasmic/
osmotic fractions were then purified on ImmunoPure®
immobilized protein L columns (Pierce).
Finally, all eluted protein fractions (supernatant, periplas-
mic and osmotic shock) were pooled and dialyzed to PBS
buffer, pH 7.4, and simultaneously concentrated to 1.0–
1.5 mL using iCON concentrator (Pierce). Purity of expressed
and extracted soluble scFv was evaluated by 12% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE). The concentration of the purified scFv was deter-
mined by Pierce micro BCA technique. The expressed soluble
and purified proteins from selected clones were then re-
tested in regular and competition ELISA as well as cross-
reactivity ELISA.

2.5. Regular, competition and functional cross-reactivity ELISA
tests for soluble and purified scFv

Purified soluble scFvs at specified concentration were
added to Pierce HisGrab copper coated microtiter plate wells
(exploiting the His-tag on the scFv to achieve immobiliza-
tion). The wells were subsequently blocked with 3% BSA,
0.05% Tween 20 in PBS, and biotinylated MIG added. Finally,
the plates were treated with Sigma ultrasensitive streptavi-
din-HRP conjugate prepared in PBS-0.05% Tween 20 (1:2000
dilution). Plate wells were washed at appropriate steps. For
competition ELISA, non-biotinylated recombinant MIG in PBS
was pre-incubated for 60 min with specified amount of
purified soluble scFv clones prepared in PBS-0.05% Tween
20. This reaction mixture was then added to Pierce HisGrab
copper coated microtiter plate wells. For detection, the wells
were treated as described for regular ELISA experiments
above. The purpose of these ELISA experiments was to
determine whether the soluble scFv proteins would still
recognize and bind to MIG protein epitopes after expression
and purification (that is, in the absence of the phage particles
to which they were fused during initial biopanning and
monoclonal fusion phage-scFv ELISA experiments). The
binding specificity of expressed, soluble and purified scFvs
for MIG was further probed using functional cross-reactivity
ELISA. Three other structurally or biochemically related and
most widely studied chemokines subfamilies [CXC α- and CC
β-], namely: gamma-interferon inducible protein 10 (IP-10,
CXCL10), neutrophil activating protein (NAP, CXCL8), and
eotaxin (CCL11) were used. For these experiments, ELISA
plate wells were coated with a given soluble, purified scFv
fragment at specified concentration in carbonate buffer,
blocked with 3% (w/v) BSA in PBS. This was followed by
addition of cold recombinant IP-10, IL-8 or eotaxin pre-
incubated with the same soluble purified scFv. Biotinylated
MIG was then added to the wells; detection of MIG was the
same as indicated for soluble and purified scFv ELISA above.
The purpose of these experiments was to ascertain the
possible level of binding of the soluble purified scFv clones to
chemokines that are biochemically and structurally similar to
MIG.

3. Results and discussion

Binding efficiency is measured as the fraction of input
phage that binds the target molecule, MIG. In these experi-
ments, phage was quantified by tittering after each round of
the four biopanning experiments. The concentration input
phage used for each round of selection was kept constant at
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∼1012 particles/mL. The results obtained showed that the
relative eluate yield/output of binding phage particles was
increased approximately 1000-fold and 100-fold from the
Fig. 1. Deduced amino acid sequences (including depiction of CDR and His-tag se
Tomlinson I+J libraries. The random amber stop codons present in the sequence of t
positions of amino acids.
first to the fourth round of affinity selection for libraries J
(4×106–5×109) and I (1.1×106–3.5×108), respectively.
During successful biopanning experiments, phage yields
ctions) of scFv fragments with binding specificity to MIG isolated from the
he J clones is represented by an asterisk (*). The numbers on the right indicate



Fig. 2. a. Competition ELISA determined binding properties of MIG recognizing
purified monoclonal phage-scFv clones selected from Tomlinson I library. MIG
analyte concentrations used in biopanning were 5 nM (I5-2, I5-4) and 50 nM
(I50-5, I50-11). The data represent mean±standard deviation from duplicate
measurements. b. Competition ELISA determined binding properties of MIG
recognizing purified monoclonal phage-scFv clones selected from Tomlinson
J library. MIG analyte concentrations used in biopanning were 5 nM (J5-14,
J5-20) and 50 nM (J50-4, J50-6, J50-10, J50-21). The data represent mean±
standard deviation from duplicate measurements.
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increase from one round to another round of selection
enrichment (Eteshola et al., 2005; Eteshola et al., 2006). The
results clearly indicate that isolation and enrichment of MIG
binding phages was accomplished. The phagemid DNA
sequences were examined by inspection to ensure that the
selected MIG binding scFv clones have full-length VH and Vκ

inserts. Of the 44 phage clones randomly picked for
sequencing, 14 clones from both Tomlinson I+J libraries
had distinct amino acid sequences (Fig. 1). The translation of
the DNA sequences into amino acid sequences and subse-
quent protein alignment were accomplished using readily
available free web based tools: (www.bioinformatics.org/
SMS/rev_comp.html; ca.expasy.org/tools/dna.html and
www.ebi.ac.uk/Tools/clustalw2/index.html). The results
show we succeeded in selecting clones incorporating com-
plete sequences of scFvs. Only scFv clones with complete
nucleotide sequences or amino acid inserts were used for
further studies. However, in this report, only the four clones
isolated from the Tomlinson I library (Fig. 1) are expressed in
soluble form for further ELISA experiments (see later dis-
cussion of the soluble expression results below).

To demonstrate that the individually picked and sequenced
phage clones were indeed MIG binders, some of these were
grown up and the ability to bind MIG was verified by
monoclonal fusion phage-scFv ELISA. Results of themonoclonal
phage-scFv ELISA (not shown) clearly indicate that there is
significantdifference in the absorbance reading in allwellswith
theMIGantigen versus controlwells (noMIG,withODreadings
of only ∼0.05–0.3). Thus, the results of the monoclonal phage-
scFv ELISA show that positive clones with specific binding to
biotinylatedMIG have been selected from both Tomlinson I+J
libraries. Furthermore, competition ELISA experiments in
which unbiotinylated native MIG was pre-incubated with
selected monoclonal phage-scFv clones from both Tomlinson
I+ J libraries prior to incubationwithbiotinylatedMIG resulted
in OD reading values comparable to control experiments
(Fig. 2a and b). These results indicate that the selected clones
recognize actual epitopes of native MIG, and do not require
those epitopes to bebiotinylated to be recognized. Additionally,
various ELISA control experiments in which the isolated clones
were exposed to keymaterial components [biotin, neutravidin,
milk in PBS (MPBS)] present in the biopanning experiments
indicate that the isolated scFv clones were indeed MIG binders
(results not shown) and that the presence of these key
components did not significantly influence the binding affinity
of the isolated clones for MIG.

Based on the above results, we selected some of the positive
MIG binding clones for small scale production of soluble scFv
antibody fragments in the nonsuppressor HB2151 E. coli strain
according to the Tomlinson library protocol. However, we
encountereddifficulties in the ability of theHB2151 E. coli strain
expressing soluble scFv for the clones selected from the J library
due to the presence of amber stop codons in the antibody
fragment genes for all the promising scFv clones selected for
further studies from the J library (Marcus et al., 2006). These
amber stop codons, while still allowing phage-scFv production
in TG1 cells, prevent the expression of full-length scFvs in the
nonsuppressor HB2151 E. coli strain. We are currently using
molecular biology techniques (Wu et al., 2007) to repair these
clones containing randomly generated amber codons. Howev-
er, while work is ongoing to repair the amber codons in the
sequences of the J library clones, we proceeded to produce
soluble scFv fragments using selected clones isolated from the I
library with no amber stop codons. Soluble scFv fragments
protein expression levels for these clones were in the range of
0.044 to 1.8 mg/L of culture. These yields are in general
agreement with published yields in the range of 0.1 to
5.0 mg/L of E. coli culture for clones isolated fromthe Tomlinson
libraries (Kennel et al., 2004; Wu et al., 2007; Lobova et al.,
2008). SDS–PAGE analysis for these four clones show bands
corresponding approximately to 26–28 kD molecular weight
when compared to the 25 kD band of the protein standard
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ladder run in parallel with the samples (Fig. 3). The molecular
weights of scFvs are generally indicated to be between 25 and
30 kD; thus, the results would imply that we succeeded in
expressing the soluble scFv fragments for the Tomlinson I
library clones in theHB2151 E. coli strain. The band for clone I5-
8 in the SDS–PAGE gel picture appears quite faint because equal
volumes of soluble scFv stock for each clone was mixed with
equal volume of sample buffer for loading into gel well for the
experiment. Following successful soluble expression and
purification, we then proceeded to further test these scFv
fragments in competition and cross-reactivity ELISA tests.

Results of competition ELISA experiments (Fig. 4a) in
which unbiotinylated native MIG was pre-incubated with
soluble and purified scFv prior to incubationwith biotinylated
MIG resulted in OD reading values comparable to control
experiments. These results indicate that the selected clones
recognize actual epitopes of native MIG after soluble
expression and purification, and do not require those
epitopes to be biotinylated or fused to phage particle to
recognize and bind to MIG. Functional cross-reactivity ELISA
results (Fig. 4b) indicates that the soluble and purified scFv
fragments bound MIG in preference to closely related
chemokines IP-10, NAP and eotaxin. Some measure of
cross-reactivity of the selected soluble scFv fragments from
the I library to chemokines closely related to MIG in the α-
and β-chemokine subfamilies is observed. However, these
results are not entirely surprising — in view of the high level
of homology in amino acid sequences (generally 20 to 70%)
within the CXC and CC chemokine subfamilies. In addition, all
known α-chemokines share 25 to 90% sequence homology —

thus, these are highly homologous chemokines (Luster,
1998). Moreover, some research suggests that 90% of all
monoclonal antibodies (well known for their high antigen
binding specificity) can recognize other antigens when
screened across several antigens (Kay, 2006). Thus, the
Fig. 3. SDS–PAGE (12% Tris glycine–HCl gel) analysis of purified single chain
antibody fragments (scFvs) from clones (I5-4, I5-7, I5-8 and I50-5) isolated
from Tomlinson I library. The position of the bands appears to indicate
that the molecular weight of the expressed scFv fragments is approximately
26–28 kD.

soluble andpurified scFv fragments (5 µg/mL) synthesized fromselected clones
isolated from Tomlinson I library. Each well was coated with a given soluble,
purified scFv fragment (5 µg/mL or 1.7×10−7 M) in carbonate buffer; blocked
with 3% (w/v) BSA in PBS, followed by addition of cold recombinant MIG
(3.5×10−6 M) pre-incubated with the same soluble purified scFv; then
biotinylated MIG (6.6×10−7 M) was added. The data represent mean±
standarddeviation fromduplicatemeasurements. b. Differential binding toMIG
and structurally related chemokines IP-10, NAP and Eotaxin by soluble and
purified scFv fragments synthesized from selected clones (I5-4, I5-7, I5-8 and
I50-5) isolated from Tomlinson I library. Each well was coated with a given
soluble, purified scFv fragment (5 µg/mL or 1.7×10−7 M) in carbonate buffer;
blockedwith 3% (w/v) BSA in PBS, followed by addition of cold recombinant IP-
10 or IL-8 (1.2×10−6 M) and cold recombinant Eotaxin (1.0×10−6 M), pre-
incubated with the same soluble purified scFv, and then biotinylated MIG
(6.6×10−7 M) was added; see text for further explanation of the results. The
data represent mean±standard deviation from duplicate measurements.
results obtained here would indicate the necessity to affinity
mature some of the selected scFv clones — with the aim of
generating scFv clones possessing higher specificity and
binding affinity characteristics for use in the bio-functiona-
lization of the sensing channel interface of the BioFET sensor
device under development in our group.

4. Concluding remarks

We have successfully isolated a number of novel scFv
clone variants from two naïve or single-pot libraries with
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specific binding affinity to actual epitopes of native MIG
protein. The results indicate that some of these isolated scFv
clones would have potential to serve as molecular affinity
interface receptors in aMIG sensitive BioFET sensor device. To
our knowledge, these scFvs represent the first recombinant
antibodies to this very important chemokine protein with
high relevance to human health. Currently, more detailed
studies of affinity/kinetics of binding of selected clones for
MIG using functional BIAcore techniques are ongoing. These
studieswould enable us to differentiate between variants that
differ in affinity or the kinetics of binding for MIG, and as well
determine which of the selected scFv fragments to affinity
mature to possess optimal or higher specificity and binding
affinity characteristics for MIG.
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